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Summary 
Polypropylene (PP) composites have been researched for decades because the mechanical 
properties of PP can be improved through blending PP with several different kinds of fillers 
or elastomers. Blending stiff fillers with PP increased strength while decreasing toughness 
and blending soft elastomers with PP increased toughness while decreasing strength. 
PP-elastomer-filler ternary composites were then developed because the increase of strength 
via blending filler with PP may compensate the loss of strength due to the incorporation of 
elastomers and vice versa. Furthermore, the interaction between fillers and PP matrix may 
increase with the addition of elastomers containing a polar segment chain, leading to 
enhanced improvement of mechanical properties. 
PP-elastomer-filler blend tapes were prepared via single-screw extrusion. Annealing was 
performed after cooling the tapes, and the process was proved to have positive effects on the 
modulus of PP. Characterization of the composites was carried out using thermogravimetry, 
dynamic-force thermomechanometry, modulated-force thermomechanometry, and Fourier 
transform infrared imaging. 
The incorporation of polysiloxane (PSil) elastomer increased the mobility of PP during 
extrusion. Elongation at break increased with increasing PSil content, while the tensile 
 xix 
modulus was slightly modified at PSil loading lower than 10 %·vol. PSil content. The Tg of 
PP-PSil composites increased with increasing PSil content and the activation energy was 
greater in the PP-PSil blends than for pure polypropylene. The silica core within the PSil 
particles may act as a strength enhancement agent and decrease the strength loss while 
blending PSil with PP at low PSil loading.  
The mechanical properties of PP-elastomer-filler composites were determined by the 
dispersion of fillers and the adhesion between the three materials; in contrast to the individual 
properties of PP, filler, and elastomer. The compatibilizing elastomers aided in the binding 
between matrix and fillers and contributed to the enhanced mechanical properties via blending 
fillers with PP. Blending of PSil with PP-filler composites slightly modified the strength of 
the composites while significantly increasing the toughness. PMAC contributed to a drastic 
increase of strength of the composites, yet toughness decreased simultaneously. 
PP-EVA-filler composites had higher strength and toughness compared with pure PP and 
PP-filler composites and showed a balanced improvement of mechanical properties. The 
improvement of mechanical properties was due to improved adhesion between filler particles 
and PP matrix and the formation of encapsulation morphology. The Tg was shifted to higher 
temperature with addition of each elastomer and kaolin, and conversely shifted to lower 
temperature with addition of talc, furthermore, the Tg of each PP–elastomer–filler composite 
 xx 
was higher than that of pure polypropylene. The activation energy was greater in 
PP–PSil–filler blends and lower in PP–PMAC–filler and PP–EVA–filler composites. 
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Chapter 1 Introduction  
1.1 General Introduction 
Polypropylene (PP) is a widely used polyolefin because of its better mechanical properties 
compared with other matrix polymers. Polypropylene has Tg ~-30 to 10 °C and therefore 
tends to be brittle and lack toughness under ambient temperature, which restricts its 
application in many industries. According to theory, improvement of toughness is typically 
accompanied by reduction of strength. 
According to recent studies, the thermal and mechanical properties of polyolefins can be 
modified by blending them with elastomers, waxes and/or fillers.[2-74,78-81] The polarity of 
polypropylene can be modified by blending PP with polar waxes or grafting polar groups onto 
PP. The interface between polypropylene and filler can be modified by blending with 
elastomers, compatibilizers, or grafted PP. 
Oxidized-waxes contain both polar and non-polar sites. It is of interest to establish whether 
oxidized-waxes can shorten the intermolecular distance between filler and PP via coating onto 
filler particles through polar sites and bonding PP through non-polar sites, making the 
composites stronger and tougher compared with those that contain only fillers and PP. It 
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might be possible to enhance the mechanical and/or thermal properties of different types of 
PP via moderate concentration and modification of the components of composites. 
Applications of many different types of polypropylene, oxidized-waxes, and fillers, including 
nano-particulate fillers, can be correlated and interpreted according to composition to provide 
composites with enhanced mechanical properties. 
1.2 Aim 
The aim of this research is to blend polypropylene with silicone elastomer masterbatch, 
propylene-maleic anhydride graft copolymer waxes, and other compatibilizers together with 
fillers such that the bonding between polypropylene and fillers will be enhanced giving 
improved and balanced mechanical properties such as modulus, strength and toughness. 
1.3 Objectives 
To achieve the aim, the first objective is preliminary experiments on preparation of 
polypropylene blends with silicone elastomer masterbatch and characterize by analysis of 
mass composition, mechanical properties, and dynamic mechanical properties to investigate 
any improvement of properties. The silicone elastomer masterbatch will then be substituted 
with propylene-maleic anhydride graft copolymer waxes or other compatibilizers. Another 
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objective is to combine the elastomer and wax additives with mineral fillers. The fillers 
provide hardness, rigidity and strength to polymers and this is expected to be improved if the 
interfacial interaction is enhanced with the polar elastomeric materials. The polar elastomers 
also contribute on the improvement of toughness. A balanced improved mechanical property 
was expected to be achieves through the blending of a strength enhancement agent together 
with a toughness enhancement agent.  
1.4 Research Questions 
A research question is how to ensure that the polyolefins–waxes–fillers are well dispersed 
through extrusion or other dispersion process, and will annealing the composites relieve 
internal stress and improve the mechanical properties of the composites. 
1.5 Structure of Thesis 
In this six-chapter thesis, the second chapter is a literature review of the basic properties of 
each material, the mechanism of PP-compatibilizer-filler composites, and the applications of 
toughened PP-filler composites. Chapter three introduces the materials and instruments used 
in this research including the fundamental theories, illustrations, and operating parameters of 
each instrument. Chapters four and five are the results and discussion part for the two series 
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of experiments. Chapter four shows the results of thermal, mechanical, and thermomechanical 
properties of PP-silicone composites with further discussion. Chapter five states the 
experimental results of PP-compatibilizer-filler or PP-elastomer-filler composites and their 
discussion. The last chapter of this thesis is the summary, conclusion and suggestions for 
future work of this research.
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Chapter 2 Literature Review 
2.1 Polypropylene 
2.1.1 Structure of Polypropylene 
The structures of PP are illustrated in Figure 2.1. Tacticity (a) represents isotactic structure 
with methyl groups attached with the same stereo configuration along the polymer chain; 
tacticity (b) represents syndiotatic structure with methyl groups with alternating stereo 
configuration along the polymer chain; and tacticity (c) represents atatic structure with methyl 
groups randomly attached along the polymer chain. 
 
Figure 2. 1 Tacticity of PP: (a) isotactic, (b) syndiotactic, and (c) atactic structure 
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2.1.2 Crystalline Forms of Polypropylene 
There are three well-known crystalline forms of PP which are monoclinic α-form, hexagonal 
β-form, and triclinic γ-form, shown in Figure 2.2, respectively. The β-form crystalline PP has 
higher toughness mechanical properties among the three forms. Although the α-form 
dominates in the crystallization of the PP grades used in most industrial applications, the 
amount of β-form crystals can be improved by adding various β-nucleators such as calcium 
carbonate. 
 
Figure 2. 2 Crystalline forms of polypropylene: (a) monoclinic α-form, (b) hexagonal 
β-form, and (c) triclinic γ-form 
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2.1.3 General Properties of Polypropylene 
General properties of common commercial PP are listed in Table 2.1.  
Table 2. 1 General Properties of Commercial PP 
Commercial Name 
Specific 
Gravity 
(g·cm-3) 
Melt Flow 
Index 
(g·10 min-1) 
Softening 
temperature 
(°C) 
Modulus 
(MPa) 
Tensile 
Strength at 
Yield 
(MPa) 
KM6100 0.905 3.5 152 ~1500 ~35 
Trenton FF 500 0.903 10 153 ~1500 ~32 
Globalene PT181 0.900 0.40 N/A ~1400 ~33 
Petoplen MH 418 N/A 5 N/A N/A ~34 
Moplen HP500N 0.900 12 153 ~1550 ~35 
As shown in Table 2.1, the specific gravity (or density) of common commercial PP is around 
0.9 g/cm3, the melt flow index (MFI) differs from each product according to their average 
molecular weight. The softening temperature of each PP is around 153 °C, while the modulus 
and tensile strength at yield are around 1500 MPa and 34 MPa, respectively. [1] 
2.1.4 Typical Applications of Polypropylene 
Polypropylene are widely applied in the production of food packaging, electrical, and 
automotive industries because of its excellence in processability, recyclability, water 
resistance, corrosion resistance, gasoline resistance, and chemical resistance, furthermore, PP 
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has low specific gravity and relatively good mechanical properties. The easy design, easy 
modification, and inexpensive character make PP one of the most commonly used polymer in 
the world. 
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2.2 Polypropylene Composites 
2.2.1 Types of Fillers 
Mineral fillers are classified into five groups according to their shape: sphere, cube, block, 
flake, and fibrous texture with different aspect ratios. Fillers like dolomite (CaMg(CO3)2), 
calcium carbonate (CaCO3) provide three-dimensional reinforcement. Talc, kaolin, and mica 
are lamella fillers giving a two-dimensional reinforcement. Fibrous fillers like wollastonite 
give one-dimensional reinforcement. [2, 3] 
2.2.2 Mechanical Properties of Polypropylene Composites 
There are five types of fillers, high aspect ratio flake fillers improve the modulus and strength 
of composites most, while low aspect ratio fillers improve the toughness more compared with 
other shapes. Besides particle shape and surface structure, there are several important 
parameters of fillers that will influence the mechanical properties of composites including, 
particle size and particle size distribution which affect the inter-particle distance, bonding 
between fillers and PP matrix, and mechanical properties of fillers. Better dispersed filler 
particles provide higher surface area contact between the PP matrix and gave a stronger 
mechanical properties the same or with better interaction between fillers and PP matrix. [2, 3] 
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2.2.3 Surface Treatment of Fillers 
Surface treatment of fillers is usually conducted to enhance the adhesion between inorganic 
fillers and organic polymer matrix. Common surface modifiers such as sodium 
tripolyphosphate (TPP) and stearic acid are used to achieve narrower size distribution, more 
uniform shape, smaller particle sized fillers, and better distribution of the fillers due to the 
improvement of interactions between fillers and polymer matrix thus leading to better 
mechanical properties of the PP-filler composites. [4-6] Maiti and Mahapatro showed that 
surface treatment of CaCO3 with a liquid titanate coupling agent LICA 12 
[neopentyl(diallyl)oxy, tri(dioctyl) phosphatotitanate] increased the interaction between fillers 
and iPP and the tensile modulus of composites. Tensile strain and izod impact strength 
slightly increased due to the lubrication/plasticizing effect by the coupling agent and the 
dispersion of fillers increased as well. [4]  
2.2.4 Common Fillers 
2.2.4.1 Talc 
Talc is a phyllosilicate mineral with a trioctahedral layered structure [Mg3Si4O10(OH)2] and 
the lamella platelets are held together by Van der Waals forces due to the layered structure of 
a sandwich of magnesium oxide octahedral between tetrahedral silica. Addition of talc into PP 
matrix improved the tensile modulus and the strength, while decreasing the impact strength, 
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toughness, and elongation at break simultaneously due to the chain scission suffered by the 
PP which is concomitant with degradation by breaking of the talc particles. The surface 
character and high aspect ratio leads to better reinforcement compared with a three 
dimensional filler. Blending talc into PP matrix increased the crystallinity of composites due 
to talc acting as a strong nucleating agent leading to higher stiffness. PP matrix tended to 
crystallize on oriented talc sheets in an ordered fashion because of high talc nucleation 
efficiency and far-reaching orientation action while cooling of the PP-talc composites. The 
scanning electron microscopy (SEM) graphs revealed a degree of orientation of talc platelet 
particles and aggregates responsible for the observed enhancement of stiffness and toughness. 
[3, 7-14] 
 
Figure 2. 3 A Block of Talc Minerals 
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2.2.4.2 Kaolin 
Kaolin (also named kaolinite) is a silicate mineral with Al2Si2O5(OH)4 as its chemical 
composition and the particle shape of kaolin is plate-like similar to talc. Addition of kaolin 
into PP matrix improved the tensile modulus and strength, while decreased impact strength 
and toughness as well. The difference between kaolin and talc is that kaolin particles tend to 
agglomerate, even at moderate loading, due to the small particle size, higher filler surface 
energy, and a tendency to absorb moisture during processing. [3] 
 
Figure 2. 4 Blocks of Kaolin 
2.2.4.3 Calcium Carbonate  
Unlike talc and kaolin, calcium carbonate (CaCO3), being a three-dimensional filler, slightly 
enhanced the strength of composites due to lack of surface interaction with PP matrix, 
meanwhile, improved toughness of composites if the dispersion of the filler particles was 
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sufficiently good. The presence of CaCO3 fillers also significantly influences the 
crystallization behavior of PP. [2-6, 10, 14-22] 
 
Figure 2. 5 Calcium Carbonate Powder  
2.2.4.4 Montmorillonite  
Montmorillonite (MMT) (one of a group of clay minerals known as smectite) is a very soft 
phyllosilicate group of minerals. The chemical formula of montmorillonite is   
(Na,Ca)0.33(Al,Mg)2(Si4O10)(OH)2·nH2O and it typically form in microscopic crystals, 
forming a clay with plate-like shape. Polar polymers such as epoxypolymer, poly(ethylene 
oxide) and polystyrene were successfully blended with MMT because those polymers can 
intercalate between smectite layers. In order to blend PP with MMT, surface treatment of 
fillers or PP, or the addition of compatibilizers is needed to achieve better mechanical 
properties. [23-29] 
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Figure 2. 6 Samples of MMT 
2.2.5 Hybrid Fillers 
PP-hybrid filler composites were prepared for the reason of providing better mechanical 
properties. Results of some research shows better mechanical properties compared with 
single-filled PP composites, and more promising results that magnify when using hybrid 
fillers or the fillers were surface treated. [30] 
2.2.6 Nano-Size Fillers 
Nano-size fillers are fillers with at least one dimension of nanometer size, for example, a 
nano-platelet filler with thickness of nano-scale. Nano-sized particle fillers were prepared and 
blended into the PP matrix in order to raise the surface area of particles, which leads to better 
improvement of mechanical properties of composites. Examples like nano-calcium carbonate 
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acted as an effective nucleating agent accelerating the crystallization of composites, and it 
decreased the particle size, increased crystallinity, which led to enhanced mechanical 
properties. Although nano-size fillers gave better mechanical properties, a condition is that the 
dispersion of nano-particles must be efficiently because severe agglomeration decreased the 
mechanical properties instead. [10, 14, 20, 27, 31-33] 
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2.3 Polypropylene Toughened by Elastomers 
2.3.1 Elastomers Blends 
Although PP is a widely used material in the automotive industry, its lack of toughness due to 
relatively high Tg had limited its applications. Elastomers were then added into PP to improve 
the toughness, yet blending elastomers into PP decreased the strength of composites 
simultaneously. [22, 34-39] 
2.3.1.1 Polysiloxane  
Polysiloxane (PSil) elastomers are well-known due to their surface-modifying properties. PSil 
contains highly flexible Si-O bonds in the main chain structure; so PSil combines both 
inorganic and organic characteristics which probably act as a compatibilizer in 
PP-elastomer-filler ternary composites. Researches have shown that the addition of PSil into 
PP matrix improved the processability and the surface properties with small decrease in 
mechanical properties. In this research, an ultra-high molecular weight polydimethylsiloxane 
(PDMS) (chemical structure shown in Figure 2.7) masterbatch is used in order to maximize 
the distribution of PSil particles. Solid PDMS samples will present an external hydrophobic 
surface but the surface chemistry can be altered via plasma oxidation. Yet the oxidized 
surfaces are only stable for ~30 min. and the hydrophobic recoveries eventually. The details 
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of this material are addressed in chapter 3.1. [16, 40, 41] 
 
Figure 2. 7 Chemical Structure of Typical PDMS 
2.3.1.2 Poly(propylene-co-ethylene) and poly(butene-co-ethylene)  
Yokoyama et al. showed that the addition of poly(butene-co-ethylene) (PEB) induced a more 
extensive shear yielding in the PP matrix, whereas the addition of poly(propylene-co-ethylene) 
(PEP) produced a larger total amount of dilatation processes. When crystallinity of the PP 
matrix remained constant, improvement of the fracture toughness of PP blends was attributed 
to the addition of PEB into PP matrix for a constant level of total rubber content and an 
increase of molecular weight of the elastomers. [39] 
2.3.1.3 Poly(ethylene-propylene-diene)  
The rate of crystallization of composites increased upon addition 
poly(ethylene-propylene-diene) (EPDM) into PP matrix, due to the enhanced mobility of the 
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PP segments, thereby leading to better alignment in the crystal lattice, although the nucleation 
had been delayed. According to the DSC results, the propylene-ethylene segments of EPDM 
did not co-crystallize with PP and thus EPDM did not act as an inhibitor for PP crystallization. 
The tensile strength at yield and Young’s modulus decreased with increasing EPDM content, 
yet incorporation of EPDM in PP matrix resulted in a significant improvement in impact 
strength. [35, 38, 42] 
2.3.1.4 Poly(ethylene-co-vinyl acetate) 
Poly(ethylene-co-vinyl acetate) (EVA) is a common polar elastomer used to modify the 
impact strength or toughness of polypropylene. The toughness characteristics were greatly 
improved by introduction of EVA into PP matrix, yet the modulus and strength at yield of PP 
matrix were decreased as with other elastomers. The elevation of vinyl acetate (VA) content 
in EVA increased the impact strength. The addition of compatibilizers decreased the particle 
size of the dispersed EVA phase and improved the impact strength of the composites. The 
elastic modulus of composites increased with decreasing test temperature, and with 
decreasing EVA content. [19, 35, 43-45] 
2.3.1.5 PEP and poly(styrene-co-butadiene) toughening masterbatch 
Zhang et al found out that variations of the amount of elastomer such as PEP and 
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poly(styrene-co-butadiene) (PSBD) in a toughened master batch (TMB) prepared by Zhang 
had a significant influence on the mechanical properties of the PP-elastomer composites. With 
a suitable composition of TMB and amount of elastomers blended, the toughness of 
composites can be highly improved with balance rigidity. [34] 
2.3.2 Compatibilizers 
The function of compatibilizers in composites is to improve the interaction between PP matrix 
and fillers. Because PP has no polar segments in its chain structure and most of the common 
fillers are polar, polymers with both polar and non-polar chain segments are usually used to 
enhance the bonding between PP matrix and fillers. The mechanical properties of 
PP-filler-compatibilizer composites basically depends on the nature PP-compatibilizer 
interface because compatibilizer-filler interface is stronger than PP-compatibilizer interface [25, 
43, 46-48] 
2.3.2.1 Polypropylene grafted maleic anhydride  
Polypropylene grafted maleic anhydride (PPgMA) is a commonly used compatibilizer. With 
incorporation of PPgMA in PP matrix, the modulus slightly decreased due to lower 
crystallinity of PPgMA compared with PP matrix. PPgMA improved the interaction of filler 
and PP matrix through using grafted maleic anhydride bonding with filler particles and the 
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non-polar segments bonding with PP matrix. Higher dosage of PPgMA contributed to better 
exfoliation of nano-fillers in PP matrix. [25, 28, 46-56] 
Yazdani et al has shown that blending maleated PP into PP-mica binary system could enhance 
the tensile strength of the composites but had a negative effect on the elongation at break. The 
defect could be compensated by blending an impact modifier and imparting stronger adhesion 
between fillers and PP matrix, thus forming a composite with both enhanced strength and 
toughness. [46] 
2.3.2.3 Poly(octene-co-ethylene) and poly(octene-co-ethylene) grafted 
maleic anhydride  
Lim et al have blended poly(octene-co-ethylene) (PEO) and poly(octene-co-ethylene) grafted 
maleic anhydride (PEOgMA) into PP-nanofiller system and found that the polarity of 
elastomer influenced the morphology and mechanical properties of the PP-elastomer-filler 
ternary composites. Ternary composites contain polar PEOgMA had higher impact strength 
but less tensile and flexural modulus compared with composites containing nonpolar PEO. 
The addition of polar PEOgMA was more favorable for dispersion in PP nanocomposites 
compared with PEO because the incorporation of polar PEOgMA into PP nanocomposites 
formed a more exfoliated combinations structure compared with PEO. [17, 19, 22, 24, 28, 33, 48, 57, 58] 
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2.3.2.4 Waxes 
Paraffin waxes are alkane hydrocarbons with the general formula CnH2n+2 for which n values 
are normally between 20 and 40. Paraffin waxes are used for paper coating, preparation of 
candles, protective sealant for food products and beverages, glass-cleaning preparation, 
hot-melt carpet backing, biodegradable mulch, lubricants, stoppers for acid bottles, electrical 
insulation, and others. Blending polypropylene with waxes decreased the Young’s modulus 
and thermal stability of polypropylene, while the elongation and the strength at yield were 
conserved. Furthermore, the introduction of oxidized-wax into polypropylene matrix could 
enhance the polarity of polypropylene and improve the low surface free energy and lead to 
better adhesion between polypropylene and polar fillers or other elastomers, which results in 
better mechanical properties. Blending iPP with Fischer-Tropsch paraffin wax grafted maleic 
anhydride significantly increase the surface free energy and polarity of the blends, and the 
mechanical properties were conserved with blends containing up to 5% of paraffin wax 
grafted maleic anhydride. [49-51, 59] 
2.3.3 Mechanism of Toughening 
The main toughening mechanism of PP with elastomers contains rubber particle cavitations, 
crazing, and shear yielding. Particle cavitations mean the voids develop inside rubber particles 
and propagate by repeating cavitations of the rubber particles followed by plastic deformation 
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of the intervening rigid polymer ligaments and crazing, represented the voids by developed 
inside the matrix and propagated via a meniscus instability mechanism. [17, 38, 60] 
Wu proposed that when the interparticle distance Ti between rubber particles is larger than the 
critical interparticle distance Tc, the blends exhibit brittle fracture and the toughness cannot be 
improved to a great extent with the Ti decreasing. When Ti is smaller than Tc, the blends 
exhibit ductile failures when fractured by impact and the toughness cannot be remarkably 
improved. When Ti is equal to Tc, a brittle-ductile transition can be observed, where the 
toughness was dramatically increased. [61] 
2.4 Toughened Polypropylene Composites 
The addition of filler strengthened the composites with suitable filler volume fraction while 
decreasing the toughness of the composites. Toughening elastomer was blended and a ternary 
composite were formed to compensate for this drawback. [15, 21, 26, 32, 33, 57, 62] 
2.4.1 Possible structure 
Several microstructures possibly exist n a ternary composites. Shown in Figure 2.8 are 
possible structures including separately dispersed filler and elastomer particles (Figure 2.8 
(a)), elastomer particles surrounding filler particles (Figure 2.8 (b)), filler particles 
surrounding elastomer particles (Figure 2.8 (c)), or agglomerations of elastomer particles or 
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filler particles (Figure 2.8 (d) and (e)). The separated filler particles contribute to 
improvement of tensile modulus (strength), while the separated elastomer particles contribute 
to improvement of impact strength and elongation at yield (toughness) of composites. [15, 33, 57, 
62] 
 
Figure 2. 8 Possible structures of a PP-elastomer-filler composites 
2.4.2 Mechanism of formation of encapsulation structure 
The encapsulation structure was formed if the filler and the elastomer both have polar 
segments in their chain structure due to hydrogen bonding between filler and elastomer or low 
surface energy of elastomers. As the separately dispersed filler particles exhibit a stress 
concentration, elastomers surrounding the filler particles will yield and prevent the filler from 
being a stress concentrator. This can easily cause fracture and decrease the toughness while 
still contributing to improvement of tensile modulus. The polarity of elastomers affected the 
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mechanical property of composites due to the enhanced interaction of polar filler and 
elastomers. Shown in Figure 2.9, when force was applied perpendicularly to the composites, 
the platelet rigid filler became a stress concentrator and fracture easily occurred around the 
separated filler particles, while the encapsulated fillers yielded around the surrounding 
elastomers and prevented fracture. [4][6][33][50][60] 
 
Figure 2. 9 Morphology models of microstructure and fracture of PP-elastomer-filler 
composites. 
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2.4.3 Mechanical properties of toughened polypropylene 
composites 
2.4.3.1 Elastic modulus 
The elastic modulus of a three component ternary polymer system with separate 
microstructure can be calculated using Kerner-Nielsen equation,  
 
Equation 2. 1 
or 
 
Equation 2. 2 
in which 
 
Equation 2. 3 
 
Equation 2. 4 
where Mc,Me,Mf  are moduli of the composites, elastomer and filler, respectively; Ve and Vf  
are volume fraction of elastomer and filler, respectively; kE is the Einstein coefficient; ψ is a 
factor that depends upon the maximum packing fraction of the filler; and A’,A”,B’, and B” are 
calculated according to equation 2.1 , and 2.2, respectively. 
The elastic modulus of the composites is complicated because of the geometry of 
encapsulation structure. If the shell layer of the elastomer was thick enough (R’filler/ 
R’elastomer<0.96), the encapsulation structure basically functions as an elastomer particle with a 
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filler core. In this case, Vf decreased and the Me increased due to the rigid core in elastomer 
particles.  
According to Kerner-Nielsen equation, the stronger interaction between elastomers and fillers, 
the more improvements of modulus due to Me increased significantly. [62] 
2.4.3.2 Balance between Strength and toughness 
In separately dispersed particle PP composites, fillers and elastomers contributed to the 
opposite side of mechanical properties of composites. Rigid fillers like talc, kaolin, or mica 
usually contribute to the improvement of strength, while elastomers contribute to the 
improvement of toughness of composites. To reach a better balance of these two opposite 
mechanical properties, compatibilizers or elastomers with high adhesion to the filler were 
used to enhance the boding between fillers and elastomers. [63] 
2.4.3.3 PP- PEP-CaCO3 composites 
Kolarik et al have investigated PP-PEP-CaCO3 ternary composites and assumed two possible 
phase structures, separated elastomer and filler particles and encapsulation geometry. The 
results showed that the core-shell particles are less effective impact modifier than elastomer 
inclusions. Furthermore, the tensile impact strength and yield stress are inversely proportional 
in all results. [15] 
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2.5 Thermomechanical Properties of 
Composites 
The thermomechanical properties of the PP blends may also be modified by blending 
strengthen and/or toughening agents with PP. [56, 58, 64-73] 
Abraham et al researched on the all-PP blends with involved α‐PP as a reinforcement agent 
and β-PP as a matrix polymer. The results showed that storage modulus, flexural strength, and 
stiffness of the all-PP composites increased with the addition of α-PP. The Tg remained 
unchanged but the magnitude of the peak decreased compared to pure β-PP. [64] 
2.5.1 Thermomechanical properties of PP-filler composites 
The Tg of PP-filler composites was lower than unfilled-PP due to fillers acting as a nucleating 
agent in the PP matrix which increased crystallization rate and caused an amorphous phase 
with better mobility. [13] 
Yazdani et al found that the tensile strength, flexural modulus, and storage and loss modulus 
were improved with increasing mica content, while elongation at break, tanδ, and complex 
viscosity decreased. [70] 
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2.5.2 Thermomechanical properties of PP-elastomer composites 
Blending elastomers with PP matrix modified storage modulus, loss modulus, and tanδ of the 
composites. [58, 68, 69] 
Qiao et al have shown that blending poly(octene-co-propylene) grafted maleic anhydride 
(PPOgMA) with PP decreased the Tg of PP and the activation energy of glass transition.[66] 
Mohanty and Nayak found that the incorporation of PEO with PP decreased storage modulus 
of the PP-PEO composites and the magnitude of tanδ  peaks of each individual material 
decreased, indicating a biphase structure in the blends. [58] 
2.5.3 Thermomechanical properties of PP-elastomer-filler 
composites 
Harper et al found that blending maleated PP into a PP matrix slightly increased the dynamic 
storage modulus in the glassy state while decreasing mechanical dampening systematically, 
but the extent of change was small enough to be negligible.  The addition of a small amount 
of a polar copolymer did not seem to influence the molecular coupling with PP chains. [56] 
Qiao et al showed that the addition of organophilic clay (octadecyl amine modified 
montmorillonite) with PP-PPOgMA increased the Tg of polypropylene and the activation 
energy of glass transition of PP in the PP-PPOgMA-clay composites. [68] 
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2.6 Applications of Polypropylene 
The PP sales in tonnage is the third most important amongst plastics in the world. 
Owing to PPs chemically stable properties and high volume-weight-ratio, PP’s filling the 
landfills. Some researchers have tended to blend elastomer and fillers into recycled PP in 
order to improve the mechanical properties of recycled PP as to virgin PP, however, the 
results showed little improvement due to impurities in recycled PP interfering with the 
enhancement mechanisms applied to virgin PP. [22]
 30 
Chapter 3 Materials and 
Methodology 
3.1 Materials 
Polymers used in this research contain matrix polypropylene, elastomers and fillers. 
Polypropylene (PP) (KM6100) was supplied by Basell with MFI: 3.5 dg·min-1, density: 
0.905 g·cm-3, and softening temperature: 152 °C. Ultra-high molecular weight 
polydimethylsiloxane masterbatch (MB50-001) was supplied by Dow Corning with siloxane 
content: 50 % and density: 0.95 g·cm-3. Propylene-maleic anhydride graft copolymer wax 
(PMAC) (A-C 597A) was supplied by Honeywell with density: 0.94 g·cm-3, free maleic 
anhydride content <0.9%, and drop point: 143 °C. Poly(ethylene-co-vinyl acetate) (EVA) 
(FL00212) was supplied by Exxon Mobil with density: 0.933 g·cm-3 and vinyl acetate (VA) 
content: 12%. Talc (T20A) was supplied by Unimin with density~2.7 g·cm-3. Kaolin (Polester 
200R) was supplied by IMERYS Minerals with density: 2.6 g·cm-3. 
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3.2 Blend Preparation 
3.2.1 Extrusion 
Blends of PP-compatibilizer-filler could be prepared in three mixing protocols: 
1. Two-step mixing with filler blended in the second step gave composites with significant 
encapsulated filler morphology 
2. Two-step mixing with compatibilizer blended in the second step gave composites with 
separately dispersed filler and compatibilizer with a loose network of filler particles 
surrounding the compatibilizer particle. 
3. One-step mixing of all materials at the same time produced by encapsulated filler, 
separately dispersed filler and compatibilizer, and filler surrounded compatibilizer 
morphologies 
In these three protocols, one-step mixing gave more balanced strength-toughness properties 
and thus a one-step mixing process was chosen for this research. 
The dispersion of filler and elastomer particles can be enhanced via raising the processing 
temperature or reprocessing, which may lead to better mechanical properties, yet the heat 
during higher-temperature process or reprocessing increase the possibility of degradation of 
PP matrix and the final mechanical properties of composites will decrease. In order to prevent 
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the degradation of PP matrix, no reprocessing was conducted in this research. 
The PP matrix and polymer granules and/or filler powders were gently mixed by hand in a 
zipped plastic bag before placing into the feeding hopper of a single screw extruder (shown in 
Figure 3.1), with a Gateway screw of 12 mm diameter with a length: diameter ratio of 1:26 
(Axon B12). The Gateway screw (shown in Figure 3.2) is slotted over some of its length to 
allow backward flow of polymer compound and increase dispersion. It is functionally 
equivalent to a much longer screw. The temperature settings of each zone for PP-PSil or 
PP-compatibilizer-filler blends were shown in Table 3.1. All composites were prepared in one 
step, which means all materials of blends were put into the hopper at the same time. To 
improve the dispersion of fillers or elastomers, materials of blends were first put into a plastic 
bag then shook before putting into the hopper. [74] 
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Figure 3. 1 Axon B12 single screw extruder 
 
Table 3. 1 Temperature Settings of Extruder for PP-PSil and PP-compatibilizer-filler 
Blends 
Blends 
Feeding 
zone (°C) 
Melting 
zone (°C) 
Metering 
zone (°C) 
Die  
zone (°C) 
PP-PSil 160 180 180 160 
PP-compatibilizer-filler 165 185 185 165 
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Figure 3. 2 Gateway extruder screw 
3.2.2 Thermal treatment 
In order to equilibrate the morphology and remove the thermal history of the composites, a 
thermal treatment called annealing was conducted after the composites were extruded and 
cooled at ambient temperature. According to researchers, the annealing process improved the 
mechanical properties. The temperature of annealing was set at 140 °C and the annealing time 
is 2 h after some critical temperature and time experiments. [20, 21, 47] 
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3.3 Thermogravimetry 
Thermogravimetry (TGA) was used to determine weight variation during heating or cooling 
processes. Samples were placed into a platinum pan in the furnace and heated to a 
predetermined temperature; the process was programmed including settings for heating rate, 
purging gas, and target temperature. TGA presented data for weight loss or gain that 
measured the thermal decomposition, chemical reaction behavior, and furthermore, TGA was 
used to deduce possible chemical reactions and processes. While scanning with TGA, 
artificial errors like buoyancy effects will influence the results. To minimize these errors, a 
correcting blank scan was performed. In addition, Curie transition temperatures, which can be 
observed with a permanent magnet set beneath the furnace, were used to adjust and calibrate 
the temperature of the thermobalance. [75] 
The TGA instrument used in this research was a TGA7 from Perkin-Elmer (shown in Figure 
3.3 and Figure 3.4).  
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Figure 3. 3 Perkin-Elmer TGA7 Figure 3. 4 Sample holder of TGA 7 
Samples were cut from the original tape (~7 mg) then placed into the furnace; the thermal 
program is shown in Figure 3.5. 
 
Figure 3. 5 TGA Thermal program  
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The programmed experimental settings of TGA in this research were generally: 
Isothermal at 50 °C for 5 min, then heated to 800 °C at a 10 °C min-1 heating rate, followed 
by isothermal procedure for 5 min. Purging gas was nitrogen at 20 L min-1, then changed to 
air at 20 L min-1 from 700 °C to the end of each scan (shown in Figure 3.6). 
 
Figure 3. 6 Program view of TGA 
Figure 3.7 and Figure 3.8 are typical TGA curve and its 1st derivative curve for a blend of 
polymers, respectively. The onset temperature of the original curve and the peak of the 1st 
derivative curve were used to determine the temperatures where blends decomposed, which 
referred to the thermal stability of blends. 
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Figure 3. 7 An example of TGA curve 
 
Figure 3. 8 An example of TGA 1st derivative curve 
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3.4 Dynamic-force thermomechanometry 
Dynamic-force stress- strain tests were conducted using two different instruments - Instron 
Universal Test Instrument (shown in Figure 3.9 and Figure 3.10) and TA Instruments DMA 
Q800 (shown in Figure 3.11 and Figure 3.12)-. Both instruments contain a fixed sample 
holder (or clamp) and a mobile sample holder. Rectangular samples were cut from extruded 
tapes and the dimensions of samples are listed in Table 3.2. For the Instron tests, the mobile 
sample clamp moved at a programmed speed during the scan, while for DMA Q800, the 
mobile sample clamp moving speed during the scan was determined according to the 
programmed force applied. The programmed process of each instrument is shown in Figure 
3.13 and Figure 3.14, respectively. The modulus of polymer composites depends upon the 
configuration of macromolecular chains. Any measurements for blocking the change (or 
movement of molecular chains), such as reducing temperature and mingling rigid inclusions, 
will lead to an increase of stiffness of composites and therefore, raising strain rate of tensile 
tests increased the tensile modulus of the same composites. 
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Figure 3. 9 Instron Universal Test Instrument 
 
Figure 3. 10 Sample clamp of Instron 
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Figure 3. 11 TA Instruments DMA Q800 
 
Figure 3. 12 Sample holder of DMA Q800 
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Figure 3. 13 Program sequence of DMA Q800 
 
Figure 3. 14 Programmed process of universal mechanical test instrument 
 
Table 3. 2 Dimensions of samples for dynamic force stress-strain test 
 DMA Q800 Instron 
Width?Length?Thickness 
(mm?mm?mm) 
3?15?0.5 10?20?0.5 
 
Shown in Figure 3.15, a typical stress-strain curve obtained using the Instron test instrument 
on a ductile material contained four regions which were elastic region, yielding region, strain 
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hardening region, and necking region. The linear part at the start of the curve is the elastic 
region and the slope of the curve within that region is the Young’s modulus. The boundary of 
elastic and yield region is the yield stress where materials started to elongate at almost 
constant stress partly because of dislocations escaping from Cottrell atmospheres. The stress 
increased in the strain hardening region until the ultimate tensile strength was reached. 
Afterwards, the stress decreased slightly in necking region and fracture at end of the process. 
 
Figure 3. 15 An example of a stress-strain curve 
Figure 3.16 illustrates a typical stress-strain curve of a DMA Q800 scan, due to the relatively 
low strain, the curve shows the elastic region of` Figure 3.15, and the slope of the curve is the 
tensile modulus of the composite. 
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Figure 3. 16 Stress-Strain curve obtained from DMA Q800 
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3.5 Modulated-Force Thermomechanometry 
When a constant load applied to a sample begins to oscillate sinusoidally, the sample will 
deform sinusoidally. The behavior of a material contains elastic and viscous parts. The stress 
applied at time t, σ(t) is defined as  
 
Equation 3. 1 
where σ0 is the maximum stress, ω is the frequency of oscillation. Because 
 
Equation 3. 2 
Equation 3.2 can be written as  
 
Equation 3. 3 
where ε0 is the strain at the maximum stress. This curve, without phase lags or time difference 
from the stress curve, represents the elastic part of a material and is called the in-phase 
portion of the curve.  
For the viscous part of the curve is described as the stress being proportional to the strain rate: 
 
Equation 3. 4 
with substation term, Equation 3.4 can also be written as 
 
Equation 3. 5 
An angle δ was added to the equations because there is a difference between the applied stress 
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and the resultant strain. The elastic response equation can now be written as  
 
Equation 3. 6 
or 
 
Equation 3. 7 
Equation 3.7 can be separated into the in-phase and out-of-phase strains as 
 
Equation 3. 8 
 
Equation 3. 9 
The vector sums of Equations 3.8 and Equation 3.9 give the overall strain, on the sample: 
 
Equation 3. 10 
The polymer thermal transitions detected using DMA can be explained in terms of free 
volume changes. As the temperature goes up, the free volume of polymer chain segments and 
the mobility of molecules increase, which results in a loss of modulus.[76] 
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Figure 3. 17 An idealized DMA scan showing the types of transition 
As shown in Figure 3.17, when the temperature is increased, polymers undergo several 
thermal transitions before reaching the melting temperature. The first transition of all is the 
solid-state transition at Tγ. When reaching this temperature, the localized bond movements 
and side chain movements can occur due to the increase of free volume. The second transition 
reached accompanied by the increase of temperature and free volume is the beta transition at 
Tβ. After this temperature, whole side chains and localized groups of 4-8 backbone atoms 
begin to have enough space to move and the materials starts to develop some toughness. 
When reaching the glass transition at Tg, the amorphous phase of polymers starts to melt and 
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thus the mobility of polymer chain segments are largely increased. The final melting 
temperature, Tm will be reached if the heating progress continues and great chain-slippage 
occurs and the material flows. [77] 
Modulated-force thermomechanical analyzer (Perkin-Elmer Diamond DMA, shown in Figure 
3.18 and Figure 3.19) was used to characterize viscoelastic properties.  
 
Figure 3. 18 Perkin-Elmer Diamond DMA 
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Figure 3. 19 Sample holder of Diamond DMA 
Rectangular samples of 1 mm x 8 mm x 25 mm were cut from the blend tapes, and a synthetic 
frequency mode consisting of a concurrent multi-frequency of 0.5, 1, 2, 5, 10 Hz was selected. 
Scanning from –40 °C to 140 °C at 2 °C ·min-1. The synthetic frequency mode imparted a 
composite modulated force that was the sum of each of the five frequencies shown. Fourier 
analysis was used to deconvolute the response into the component frequencies. A constant 
deformation of 20 µm was used for control of variable modulated force. Nitrogen purge gas 
was used at a flow rate of 25 mL·min-1 and 100 mN of initial static force were used. The 
programmed process is shown in Figure 3.20. 
 
Chapter 3 Materials and Methodology 
50 
 
Figure 3. 20 Programmed Process of Diamond DMA 
Figure 3.21 illustrates a typical scan of Diamond DMA, the diagram shows storage modulus, 
loss modulus, and tanδ under five frequencies scans. Green lines represent storage modulus, 
red lines represent loss modulus, and blue lines represent tanδ, respectively. 
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Figure 3. 21 A typical Diamond DMA scan 
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Chapter 4 Polypropylene and 
Polysiloxane Composites 
4.1 Introduction 
Polypropylene (PP) is a potentially high performance polyolefin that lacks toughness for some 
applications due to the glass transition temperature being within the range of typical ambient 
temperatures. Blending PP with elastomers such as EPDM is used to enhance the toughness 
of PP. However, improvement of toughness is often accompanied by deterioration of modulus, 
strength and processability of the blends. 
Polysiloxane (PSil) is an elastomer with low surface energy and low glass transition 
temperature that could toughen PP and furthermore, modify the flow for ease of processing. 
Yet blending polysiloxane with PP may deteriorate the strength. Ultra-high molar mass 
polysiloxane powders are available from Dow Corning for use as processing aids when used 
in small amounts of 0.1 to 1.0 %, and they can modify burning characteristics. The 
polysiloxane elastomers are converted into a powder by compounding with silica. These 
polysiloxane elastomers may be an alternative to hydrocarbon elastomers for toughening of 
polypropylene, while contributing to enhanced processing and surface characteristics, and 
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increase the bonding of filler and matrix polymer. The silica can contribute to stiffness of the 
polysiloxane in addition to its primary role of providing a free-flowing particulate elastomer. 
The aim is to prepare by single-screw extrusion and characterize the thermal, mechanical and 
thermomechanical properties of PP–PSil blends by using different volume fractions of PSil 
and determine the extent that polysiloxane will modify PP. Analysis and thermal stability of 
the blends were performed by thermogravimetry. Mechanical properties were determined 
using Instron and thermomechanometry instruments in tensile dynamic and modulated force 
modes. 
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4.2 Experimental 
4.2.1 Composite preparation 
PP from Bassel and ultra-high molar mass polysiloxane (PSil) masterbatch from Dow 
Corning (relevant details of materials were described in Chapter 3.1) blend tapes of 1 mm 
thick were prepared by melt-blending in a single screw extruder (Axon B12, Figure 3.1). 
Temperature settings of each zone were listed in Table 3.1. The screw rotation speed was set 
at 50 rpm to afford sufficient mixing. 
4.2.2 Thermal treatment  
A thermal treatment (annealing) was conducted after cooling the blend tapes under ambient 
temperature. Annealing temperatures of 100 °C, 120 °C, and 140 °C were tested on neat PP 
tapes and they were subjected to thermal and mechanical properties characterization. The 
highest testing temperature was 140 °C because the softening temperature of PP was near 
150 °C, exceeding the softening temperature during annealing may cause the particles to 
rearrange. Table 4.1 shows the Young’s modulus characterized via tensile testing and the 
peak of 1st derivative of TGA scans which proved that the annealing process at higher 
temperature had no effect on the thermal properties of polymers, while Young’s modulus was 
significantly improved. Thus annealing at 140 °C for 2 h was established and applied to all 
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blend tapes before any characterization. 
Table 4. 1 Properties of neat PP undergo different annealing process 
Annealing temperature 
(°C) 
Peak of 1st derivative  
(°C) (TGA scan) 
Young’s modulus 
(MPa) 
100 458.0 873.9 
120 457.6 890.0 
140 460.8 1151.3 
4.2.3 Thermogravimetry 
The thermal stability and composition of PP-PSil composites were characterized using a 
PerkinElmer TGA7 (shown in Figure 3.3). Samples of ~7mg were cut from each blend tape 
and placed into a platinum sample pan (shown in Figure 3.4). The thermal program of each 
scan was shown in Figure 3.6. Note that the purging gas was changed from nitrogen to air at 
700 °C because oxygen in air and carbon residues in polypropylene form carbon dioxide 
(CO2), thus leaving only silicon dioxide (SiO2) in the pan. The remaining amount of SiO2 can 
be used to determine the content of polysiloxane in the composites. 
4.2.4 Dynamic-force stress–strain analysis  
Dynamic force stress-strain tests were performed using dynamic force thermomechanometry 
(df-TM) (conducted via a TA Instruments DMA Q800 (shown in Figure 3.11 and Figure 
3.12)). The program parameters of each test are shown in Figure 3.14. The dimensions of 
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each sample are shown in Table 3.2. 
4.2.4 Modulated-force thermomechanometry 
Modulated force thermomechanometry (mf-TM) (conducted via a Perkin-Elmer Diamond 
DMA, shown in Figure 3.18) was used to characterize the viscoelastic properties of the 
composites. Rectangular samples of 1 mm x 8 mm x 25 mm were cut from the blend tapes. 
The program of each scan was shown in Figure 3.20.  
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4.3 Results and Discussion 
4.3.1 Thermogravimetry analysis 
The temperature of maximum mass loss rate was observed to increase with increasing PSil 
content for all PP-based materials as shown in Figures 4.1, 4.2, and Table 4.2. The peak of the 
differential thermogravimetry curve is indicative of an increase in thermal stability of the 
PP–PSil blends with increasing polysiloxane volume fraction. Polysiloxanes decompose to 
give 60 %·wt of silica and with the included dispersed silica they can absorb polymer 
pyrolysis products and decrease the rate of mass loss during thermal degradation. [31, 59] 
 
Figure 4. 1 Thermogravimetry curves of composites 
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Figure 4. 2 Derivative thermogravimetry curves of composites 
 
Table 4. 2 Relation between PSil content and thermal stability 
PSil content 
(%·vol) 
Onset temperature of 
TGA scan (°C) 
Peak of 1st derivative 
(°C) 
0 416.2 460.8 
1 423.7 460.9 
2 434.5 471.8 
5 448.6 473.4 
10 450.6 476.9 
20 457.4 482.3 
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4.3.2 Dynamic-force stress-strain analysis 
The tensile modulus of each PP and the blends was obtained from the initial gradient of the 
tensile stress-strain data. Figure 4.3 shows a trend of increasing PSil content increasing 
elongation at break, while the modulus slightly decreased at low elastomer loading. Table 4.3 
shows that composites containing 1 %·vol PSil and 10 %·vol PSil gave the highest tensile 
modulus, the modulus of 2 %·vol and 5 %·vol of PSil were slightly lower in the df-TM tests. 
The results of Instron tests indicate that composites containing PSil content below 10 %·vol 
gave slightly lower tensile modulus. When the composition reached a limit (between 
10 %~20 % vol), the tensile modulus decreased significantly. 
Table 4. 3 Relation between PSil content and tensile modulus 
PSil content 
(%·vol) 
Tensile modulus obtained 
by Instron (MPa) 
Tensile modulus obtained 
by df-TM (MPa) 
0 1151 1166 
1 1033 1250 
2 1126 1149 
5 1033 1134 
10 920 1247 
20 837 955 
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Figure 4. 3 Tensile stress-strain curves from DMA Q800 test of PP-PSil composites 
Blending typical elastomers such as EPDM or EVA with PP will result in an improvement of 
toughness and elongation at break, while simultaneously decreasing tensile strength and 
modulus. [35, 42, 44, 45] However, blending PSil with PP barely affect the modulus of the 
composites of PSil content under 10 % vol, while the silicone elastomer was still able to 
effectively toughen PP due to an expected matrix phase shear banding mechanism. [60] This 
enhancement of the modulus may be attributed to the rigid silica cores of PSil that act as a 
strength enhancement agent. [16, 41] 
4.3.3 Modulated-force thermomechanometry 
The glass transition temperature (Tg) (or β-transition temperature) of a composites was 
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determined by the peak of the loss modulus curves. However, the peak of the loss modulus 
curves were sometime unclear and difficult to define, thus Tg was defined as the peak of tanδ 
curve in this research that was supported by other researchers [8, 58, 65, 67, 68, 71] because the 
difference between the peak of loss modulus and tanδ curves is negligible. Figure 4.4 
illustrated data for a composite under a single frequency (1 Hz). Storage modulus (E’), and 
loss modulus (E”), and damping factor tanδ were shown in the figure respectively.  
 
Figure 4. 4 Composite with 5 %·vol PSil composite scanned at 1 Hz 
Composites of PSil content below 5 % vol have higher storage modulus compared with neat 
PP and the storage modulus in all regions shown in Figure 4.5. The storage modulus of 
composites containing 10 % vol is slightly lower than neat PP, while composites containing 
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20 % vol of PSil have significantly lower storage modulus over the temperature range. The 
significantly lower storage modulus may be attributed to small changes in crystal structure or 
phase separation resulting from a higher PSil loading. Loss modulus which was illustrated in 
Figure 4.6 showed that composites containing 1 % and 5 % vol of PSil have slightly higher 
loss modulus compared with neat PP over the temperature range while composites contain 
2 % and 10 % vol of PSil have slightly lower loss modulus. The loss modulus of PP-PSil 
composites containing 20 % vol of PSil showed significantly lower loss modulus compared to 
neat PP in all regions which may be caused in part by the more restricted mobility or to the 
lower damping of the polysiloxane polymer compared with PP. [56] The similarity between the 
storage and loss modulus of PP and PP-PSil composites containing PSil content below 
10 % vol indicates that the modulus of the composites was barely affected by the 
incorporation of PSil when the loading of PSil is below 10 % vol, which showed agreement 
with the tensile test results. [71] The storage modulus of PP-PSil composites decreased with 
further increase PSil content possibly because the presence of soft elastomeric phase, which 
reduced the crystallinity and stress level of the pure PP. [58] 
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Figure 4. 5 Storage modulus of composites measured at 1 Hz 
 
Figure 4. 6 Loss modulus of composites measured at 1 Hz 
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Figure 4.7 illustrate the tanδ curve of composites with different PSil content measured at 1 Hz 
and Table 4.4 showed the peak of each tanδ scanned at 1 Hz. The results indicated that the Tg 
of PP-PSil composites increased with increasing PSil content and a drastic increase was 
observed at the composites containing 20 % vol of PSil. The Tg reflects mobility within the 
amorphous regions and an increase of Tg representing the PP segment chains that need more 
energy to surpass the boundary of glass transition. [64, 71] 
Table 4. 4 Relation between PSil content, activation energy and Tg of composites 
PSil content 
(%·vol) 
Tanδ peak, scanned 
at 1 Hz (?) 
Eact for glass 
transition (kJ·mol-1) 
0 0.266 83 
1 1.291 111 
2 3.653 139 
5 2.214 108 
10 2.836 104 
20 6.268 125 
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Figure 4. 7 Damping factor with composite composition measured at 1 Hz 
Storage modulus, loss modulus, and tanδ data of PP-PSil composites containing different PSil 
content measured at other frequencies is shown in Appendix 1. The results reveal similar 
trends between 1 Hz scan and other frequencies scans. 
Activation energy (Eact) was calculated using the Arrhenius equation, 
 
Equation 4. 1 
where the change in ln(frequency) was plotted against 1/T·K-1 and the slope was –Eact/RT, 
where T=298 K was chosen as reference temperature. Figure 4.8 shows a typical Arrhenius 
plot and Table 4.4 shows the Eact values of PP for each blend. The Eact of glass transition data 
showed a similar trend in that the Eact increased with increasing PSil content in the PP-PSil 
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composites. 
 
Figure 4. 8 Example of an Arrhenius activation energy plot for 5 %·vol PSil  
Figures 4.9 and Figure 4.10 demonstrate the E’ and E” under synthetic multi-frequency scans 
and show that the storage modulus and loss modulus increased with increasing scanning 
frequency.  
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Figure 4. 9 Storage modulus of 5 %·vol PSil composites measured under synthetic 
multi-frequencies 
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Figure 4. 10 Loss modulus of 5 %·vol PSil composites measured under synthetic 
multi-frequencies 
Figure 4.11 illustrates the tanδ curve of a composite scanned under synthetic 
multi-frequencies and shows that the Tg of the composites shifted to higher temperature with 
increasing scanning frequency. 
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Figure 4. 11 Damping factor of 5 %·vol PSil composites measured under synthetic 
multi-frequencies 
Storage modulus, loss modulus, and tanδ data of PP-PSil composites measured under 
synthetic multi-frequencies with other PSil content is shown in Appendix 2. The results of 
other PSil content shows agreement with the PP-PSil composites containing 5 % vol of PSil 
that storage modulus, loss modulus, magnitude of tanδ, and Tg of the composites increased 
with increasing scanning frequency.
 70 
Chapter 5 Polypropylene, Filler, and 
Compatibilizer Composites  
5.1 Introduction 
PP has been known as a widely used polymer. Nevertheless, its Tg in ambient temperature has 
limited its utility. Many investigations had shown that blending PP with elastomers (polymers 
with instantaneous reversible deformation response) and/or a dispersed phase mineral (filler) 
should enhance physical and mechanical performance. 
In this chapter, PP was blended with three elastomers for surface modification between PP 
matrix and filler respectively. There are three possible discrete morphologies existing in the 
composites: separate mineral particles in PP, separate elastomer particles in PP, elastomer 
encapsulated mineral particles in PP as described in Chapter 2.4. The latter are surface 
energetically preferred due to the polar sites on elastomer chain segments that aid in binding 
well with fillers. The mechanical properties of each composite increased according to the 
ability of surface modification of different types of elastomer and the mechanical properties of 
the elastomer itself. The characterization of the PP-elastomer-filler composites contributed to 
future materials that seek specific composite mechanical properties development. 
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5.2 Experimental 
5.2.1 Composite preparation 
The composition of all the blend system studied in this research is shown in Table 5.1. 
Polypropylene (KM6100) was supplied by Basell. Ultra-high molecular weight polysiloxane 
masterbatch (MB50-001) was supplied by Dow Corning. Propylene-maleic anhydride graft 
copolymer (A-C 597A) was supplied by Honeywell. Poly(ethylene-co-vinyl acetate) 
(FL00212) was supplied by Exxon Mobil. Talc (T20A) was supplied by Unimin and kaolin 
(Polester 200R) was supplied by IMERYS Minerals. 
Blend tapes of were prepared by melt-blending in a single screw extruder (Axon B12, Figure 
3.1) with a Gateway screw (shown in Figure 3.2) as described in Chapter 3.2. The temperature 
settings of each zone were 165 °C for feeding zone, 185 °C for melting zone, 185 °C for 
metering zone, and 165 °C for die zone (shown in Table 3.1) and the screw rotation speed was 
set at 90 rpm. The processing temperature settings of each zone were lifted by 5 °C compared 
with the temperature settings of PP-PSil composites extrusion and the screw rotation speed 
was increase to 90 rpm in order to ensure a fine dispersion of filler particles while extruding. 
After cooling the tape, a thermal treatment at 140 ?C for 2 h was conducted. 
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5.2.2 Dynamic-force stress–strain analysis  
A dynamic (changing with time) force tensile test was conducted to explore the hardness, 
toughness and strength change after adding fillers and elastomers. Tensile mode was chosen 
as the geometry for the test-scans. Rectangular samples of 10 mm x 25 mm were cut from the 
thermal by treated tape then placed into the clamp of an Instron Universal Test Instrument and 
the testing parameters were as shown in Figure 3.14. 
5.2.3 Modulated-force thermomechanometry 
Modulated-force (sinusoidal oscillation with time) thermomechanometry (mf-TM) 
(Perkin-Elmer Diamond DMA) was used to characterize the viscoelastic properties. 
Rectangular samples of 8 mm x 25 mm were cut from the blend tapes, and a complex 
frequency or synthetic multi-frequency of 0.5, 1, 2, 5, 10 Hz was selected as described in 
Chapter 3.5 and the parameters of each scan were shown in Figure 3.20.  
5.2.4 Fourier transform infrared imaging 
Fourier transform infrared (FT-IR) imaging was conducted to analyze the morphology of 
PP-talc and PP-compatibilizer-talc composites. 
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5.3 Results and Discussion 
5.3.1 Dynamic-force tensile analysis 
Table 5.1 lists the results of dynamic-force modulus, yield stress and peak strain of the 
composites. Several conclusions that were obtained from the results of blending each 
compatibilizers are listed below:  
1. The incorporation of PSil into PP-filler composites increased the elongation at break 
of the composites, while the modulus was slightly modified.  
2. Blending PMAC with PP decreased the modulus and elongation at break 
simultaneously. PP-PMAC-filler composites have significantly higher modulus than 
pure PP, PP-filler, and PP-PMAC blends and the modulus increased with PMAC 
content, yet a further decrease in elongation at break was observed. 
3. EVA contributed to the adhesion between PP and fillers and acted as a toughness 
modifier in PP-EVA-filler composites. The modulus of PP-EVA-filler composites 
increased with the addition of EVA, while the elongation at break increased 
simultaneously. 
4. PP-filler composites showed higher modulus and lower elongation at break compared 
with pure PP, indicating blending fillers with PP increase the strength yet decrease the 
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toughness of PP matrix. The increase of modulus was not obvious because the 
agglomeration of filler particles deteriorated the mechanical properties of the PP-filler 
composites. 
Comparisons of three different PP-elastomer-filler composites showed that PSil 
contributed most to the improvement of toughness of composites in the three elastomers, 
while the strength of the composites was slightly decreased. PMAC, on the other hand, 
contributed most to the improvement of strength, while significantly decreasing the 
toughness of composites. Blending EVA with PP-filler composites gave moderate 
improvement to the strength and toughness simultaneously, thus a more balanced 
enhancement of mechanical properties was achieved via blending EVA with PP-filler 
composites.  
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Table 5. 1 Mechanical properties of composites. 
PP composite Parts 
Young’s Modulus 
(MPa) 
Stress at Peak 
(MPa) 
Strain at Peak 
(%)?
PP 100 636 34.0 22.8?
PP-PSil-talc 90-5-5 628 21.5 25.1?
PP-PSil-talc 85-10-5 602 21.2 9.3 
PP-PSil-kaolin 90-5-5 685 24.6 41.0 
PP-PMAC 95-5 575 28.1 15.3 
PP-PMAC 90-10 488 21.9 16.0 
PP-PMAC-talc 90-5-5 766 26.7 11.4 
PP-PMAC-talc 85-10-5 805 28.4 12.6 
PP-PMAC-kaolin 90-5-5 755 31.6 15.7 
PP-EVA 90-10 495 24.3 13.7 
PP-EVA-talc 90-5-5 770 31.6 18.0 
PP-EVA-talc 85-10-5 641 27.0 19.8 
PP-talc 95-5 684 28.9 14.5 
PP-kaolin 95-5 665 28.8 14.5 
5.3.2 Modulated-Force Thermomechanometry 
The mf-TM was conducted with a synthetic frequency scan in tensile deformation mode. Tg 
was determined as the maximum of each tanδ peak. The synthetic frequency mode imparted a 
composite modulated force that is the sum of each of the five frequencies shown. Fourier 
analysis was used to deconvolute the response into the component frequencies, whereby the 
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modulus was resolved into in-phase (storage) and out-of-phase (loss) components. This 
provided both frequency and temperature response of the storage modulus (E’) and loss 
modulus (E”) and their ratio the damping factor, tanδ=E”/E’. The storage modulus is the 
instantaneous reversible (elastic) response and the loss modulus is the time dependent 
reversible (viscoelastic) response. 
Figure 5.1 and Figure 5.2 illustrate the storage modulus and loss modulus curves of 
PP-elastomer composites and show that blending elastomers with PP decreased the storage 
and loss modulus of PP matrix over the temperature range, indicating a lower modulus in the 
three PP-elastomer composites.  
 
Figure 5. 1 Storage modulus curves of PP-elastomer composites measured at 1 Hz 
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Figure 5. 2 Loss modulus curves of PP-elastomer composites measured at 1 Hz 
Tanδ curves of PP-elastomer composites are shown in Figure 5.3 and the Tg (defined as the 
peak of tanδ curves) under 1 Hz scan and Eact (calculated using the Arrhenius equation as 
described in Chapter 4.3.3) of PP-elastomer composites are shown in Table 5.2. The results 
reveal that the PP-EVA composites have slightly higher damping factor compared with neat 
PP, indicating possible higher ability to dissipate energy within the structure. Tg was raised 
with the incorporation of each elastomer and the Eact increased in PP-PSil and PMAC 
composites representing a decrease in the mobility of PP segment chains within the 
amorphous regions in PP-PSil and PP-PMAC composites. [64, 71] 
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Figure 5. 3 Tanδ  curves of PP-elastomer composites measured at 1 Hz 
 
Table 5. 2 Tg and Eact for glass transition of PP-elastomer composites 
PP composite Parts 
Peak of Tanδ of 
scanned at 1 Hz (°C) 
Eact for glass transition 
(kJ·mol-1) 
PP 100 0.26 85 
PP-PSil 90-10 2.84 104 
PP-PMAC 90-10 3.30 124 
PP-EVA 90-10 0.32 65 
Figure 5.4 and Figure 5.5 show the storage modulus and loss modulus of PP-PSil-talc 
composites and Figure 5.6 and Figure 5.7 showed the storage modulus and loss modulus of 
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PP-PSil-kaolin composites. Blending PSil with pure PP slightly modified the storage and loss 
modulus at low PSil loading which was discussed in Chapter 4.3.3, yet storage and loss 
modulus of the PP-talc composites were decreased with the incorporation of PSil, indicating a 
decrease in modulus. The incorporation of PSil with PP-kaolin composites slightly decreased 
storage modulus and loss modulus of the PP-PSil-kaolin composites compared with 
PP-PSil-talc composites.  
 
Figure 5. 4 Storage modulus curves of PP-PSil-talc composites measured at 1 Hz 
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Figure 5. 5 Loss modulus curves of PP-PSil-talc composites measured at 1 Hz 
 
Figure 5. 6 Storage modulus curves of PP-PSil-kaolin composites measured at 1 Hz 
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Figure 5. 7 Loss modulus curves of PP-PSil-kaolin composites measured at 1 Hz 
The tanδ curves of PP-PSil-filler composites are illustrated in Figure 5.8 and Figure 5.9, 
respectively. The results showed that the tanδ of PP-filler composites decreased with the 
addition of PSil. Table 5.3 showed that the Tg of PP-PSil-filer composites increased with 
increasing the addition of PSil. 
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Figure 5. 8 Tanδ  curves of PP-PSil-talc composites measured at 1 Hz 
 
Figure 5. 9 Tanδ  curves of PP-PSil-kaolin composites measured at 1 Hz 
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Table 5. 3 Tg and Eact for glass transition of PP-PSil-filler composites 
PP composite Parts 
Peak of Tanδ curve  
 scanned at 1 Hz (°C) 
Eact for glass transition 
(kJ·mol-1) 
PP 100 0.26 85 
PP-PSil 95-5 2.21 108 
PP-PSil 90-10 2.84 104 
PP-talc 95-5 -0.36 87 
PP-PSil-talc 90-5-5 2.47 165 
PP-PSil-talc 85-10-5 2.49 109 
PP-kaolin 95-5 3.64 100 
PP-PSil-kaolin 90-5-5 3.79 83 
Figure 5.10 and Figure 5.11 show that blending 5 % vol of PMAC with PP-talc decreased the 
storage modulus and loss modulus significantly, yet PP-PMAC-talc composites containing 
10 % vol of PMAC showed similar storage modulus and slightly higher loss modulus. Higher 
loading of PMAC was desirable to improve the thermomechanical properties of 
PP-PMAC-filler composites. 
Figure 5.12 and Figure 5.13 reveal that PP-PMAC-kaolin composites containing 5 % vol of 
PMAC had higher storage and loss modulus compared with PP-kaolin composites. 
Comparison of PP-PMAC-talc and PP-PMAC-kaolin composites showed that the 
improvement of dispersion of fillers or the adhesion between fillers and PP was easier to 
achieve while using kaolin as fillers. 
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Figure 5. 10 Storage modulus curves of PP-PMAC-talc composites measured at 1 Hz 
 
Figure 5. 11 Loss modulus curves of PP-PMAC-talc composites measured at 1 Hz 
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Figure 5. 12 Storage modulus curves of PP-PMAC-kaolin composites measured at 1 Hz 
 
Figure 5. 13 Loss modulus curves of PP-PMAC-kaolin composites measured at 1 Hz 
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Figure 5.14 and Figure 5.15 show that PP-filler containing 5 % vol of PMAC had similar tanδ 
value as PP-filler composites, yet blending 10 % vol of PMAC with PP-talc slightly increased 
tanδ of the composites. Table 5.5 shows that blending PMAC with PP-talc composites 
increased the Tg of the composites, yet Tg decreased with increasing PMAC content. The 
decrease of Tg may be attributed to the better adhesion between PP and talc or the better 
distribution of filler particles. PP-PMAC-kaolin composites showed lower Tg compared with 
PP-kaolin composites. The activation energy of PP-filler composites decreased with the 
incorporation of PMAC elastomer.   
 
 
Figure 5. 14 Tanδ  curves of PP-PMAC-talc composites measured at 1 Hz  
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Figure 5. 15 Tanδ  curves of PP-PMAC-kaolin composites measured at 1 Hz 
Table 5. 4 Tg and Eact for glass transition of PP-PMAC-filler composites 
PP composite Parts 
Peak of Tanδ of 
scanned at 1 Hz (°C) 
Eact for glass transition 
(kJ·mol-1) 
PP 100 0.26 85 
PP-PMAC 95-5 1.68 79 
PP-PMAC 90-10 3.30 124 
PP-talc 95-5 -0.36 87 
PP-PMAC-talc 90-5-5 1.11 72 
PP-PMAC-talc 85-10-5 0.29 64 
PP-kaolin 95-5 3.64 100 
PP-PMAC-kaolin 90-5-5 0.32 83 
Figure 5.16 and Figure 5.17 showed that the incorporation of 5 % vol of EVA with PP-talc 
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significantly increase the storage and loss modulus, while PP-EVA-talc composites 
containing 10 % vol of EVA barely modified the storage and loss modulus. This confirmed 
that 5 % vol of EVA loading most improved the adhesion between talc and PP and enhanced 
the mechanical properties of the PP-EVA-talc composites. 
 
Figure 5. 16 Storage modulus curves of PP-EVA-talc composites measured at 1 Hz 
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Figure 5. 17 Loss modulus curves of PP-EVA-talc composites measured at 1 Hz 
Shown in Figure 5.18, the tanδ of PP-talc composites slightly decreased with the addition of 
EVA. Table 5.5 showed that the Tg of the PP-EVA-talc composites increased with increasing 
EVA content, indicating the mobility of PP segment chains within the amorphous regions 
decreased. [64, 71] 
Chapter 5 Polypropylene, Filler, and Compatibilizer Composites. 
90 
 
Figure 5. 18 Tanδ  curves of PP-EVA-talc composites measured at 1 Hz 
Table 5. 5 Tg and Eact for glass transition of PP-EVA-talc composites 
PP composite Parts 
Peak of Tanδ of 
scanned at 1 Hz (°C) 
Eact for glass transition 
(kJ·mol-1) 
PP 100 0.26 85 
PP-EVA 90-10 0.32 65 
PP-EVA-talc 90-5-5 1.73 112 
PP-EVA-talc 85-10-5 5.06 73 
PP-talc 95-5 -0.36 87 
Figure 5.19 and Figure 5.20 show that blending PSil with PP-talc composites decreased the 
storage and loss modulus in all regions, indicating blending PSil decreased the modulus of 
PP-talc composites. On the other hand, the addition of EVA slightly increased storage 
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modulus of the PP-filler composites while the loss modulus was slightly decreased. The 
storage modulus of the PP-filler composites was slightly decreased while the loss modulus 
slightly increased with the addition of PMAC elastomer.  
 
Figure 5. 19 Storage modulus curves of PP-elastomer-talc composites measured at 1 Hz. 
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Figure 5. 20 Loss modulus curves of PP-elastomer-talc composites measured at 1 Hz. 
It is found in Figure 5.21 that the tanδ of PP-talc composites slightly increased with the 
incorporation of PMAC, while blending EVA or PSil with the PP-talc composites decreased 
tanδ of the composites, indicating PP-PMAC-talc composites have stronger ability to 
dissipate energy within the structure. The Tg and Eact of each composite are listed in Table 5.6 
and show that blending elastomer with PP-filler increased the glass transition temperature of 
the composites. 
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Figure 5. 21 Tanδ  curves of PP-elastomer-talc composites measured at 1 Hz 
Table 5. 6 Tg and Eact for glass transition of PP-elastomer-talc composites 
PP composite Parts 
Peak of Tanδ of 
scanned at 1 Hz (°C) 
Eact for glass transition 
(kJ·mol-1) 
PP 100 0.26 85 
PP-PSil-talc 85-10-5 2.49 109 
PP-PMAC-talc 85-10-5 0.29 64 
PP-EVA-talc 85-10-5 5.06 73 
PP-talc 95-5 -0.36 87 
5.3.3 Fourier Transform Infrared Imaging 
Fourier transform infrared (FT-IR) imaging was conducted to characterize the morphology of 
Chapter 5 Polypropylene, Filler, and Compatibilizer Composites. 
94 
six composites. Figure 5.21 shows the Chemimap of PP-talc composites which contains 5% 
vol talc content. The blue dots shown in the Chemimap represent talc particles which show 
moderate agglomeration. The agglomeration becomes less significant after adding PSil and 
EVA as compatibilizers. 
 
Figure 5. 22 An example of FT-IR imaging Chemimap.
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Chapter 6 Conclusions and Future 
Research 
6.1 Conclusion 
PP-PSil composites and PP-elastomer (compatibilizer)-filler composites were prepared via 
single-crew extrusion, followed by an annealing process of 140 °C for 2 h. Thermogravimetry 
was conducted to characterize thermal stability of the PP-PSil composites. Mechanical 
properties such as tensile modulus and elongation at break were determined via a universal 
mechanical test instrument and dynamic-force thermomechanometry and the 
thermomechanical properties were characterized using modulated-force 
thermomechanometry. 
Increased PSil content in the polypropylene blends improved the mobility of PP during 
processing, and enhanced the thermal stability. Tensile modulus was slightly modified when 
the level of PSil was less than 10 %·vol, while the elongation at break increased with 
increasing PSil content. The Tg of composites increased with increasing of PSil content. The 
temperature dependence of PP molecular mobility, the activation energy, was greater for the 
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PP-PSil blends than for pure polypropylene. The dispersed PSil particles combined 
elastomeric toughening with barely any loss of strength at low PSil loading, which may due to 
the silica core within the elastomeric particles acting as a strength enhancement agent.  
Blending with mineral fillers increased the strength of the PP matrix, yet the dispersion of 
filler particles affected mechanical properties of the PP-filler composites. Toughness of PP 
was modified by blending elastomers with PP and the extent of modification depends on the 
properties of the elastomers. The compatibilizing elastomers aided in the binding between 
matrix and fillers while different elastomers contributed to the enhancement of mechanical 
properties. Blending of PSil with PP-filler composites slightly modified the strength of the 
composites while significantly increasing the toughness. PMAC contributed to a drastic 
increase of strength of the composites, yet toughness decreased simultaneously. 
PP-EVA-filler composites had higher strength and toughness compared with pure PP and 
PP-filler composites, and showed a balanced improvement of mechanical properties. The 
improvement of mechanical properties was due to improved adhesion between filler particles 
and PP matrix and the formation of encapsulation morphology. The Tg was shifted to higher 
temperature with addition of each elastomer and kaolin, and conversely shifted to lower 
temperature with addition of talc. Furthermore, the Tg of each PP–elastomer–filler composite 
was higher than that of pure polypropylene, indicating the mobility of PP segment chains 
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within the amorphous regions decreased. The temperature dependence of PP molecular 
mobility, the activation energy, was greater in PP–PSil–filler blends and lower in 
PP–PMAC–filler and PP–EVA–filler composites. 
6.2 Future Research 
The results of this research proved that the mechanical properties of PP can be improved 
through blending with fillers and elastomers. The alteration of mechanical properties follows 
curve (a) shown in Figure 6.1 and indicates that the strength and toughness of PP cannot 
increase simultaneously through blending with filler or elastomer only. However, the 
blending filler and elastomer together with PP increased the toughness and strength 
simultaneously because the incorporation of appropriate elastomers improved the adhesion 
between filler particles and PP matrix and the dispersion of fillers, making filler contribute 
more to the enhancement of strength, while the toughness of composites potentialy increased 
because the elastomer was acting as a toughness modifier. As a result, curve (a) shown in 
Figure 6.1 will change to curve (b), (c), or (d), indicating that with proper filler and elastomer 
loading, the balanced improvement of mechanical properties can be achieved. 
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Figure 6. 1 Relationship between strength and toughness of blending additives with PP 
A database of mechanical properties of PP-elastomer-filler composites of different types of 
elastomer and filler with different loading of elastomer and filler can be established and the 
most balanced curve can be selected. The curve will bring convenience to industries and assist 
further research around PP. 
More detailed long time performance of PP-elastomer-filler composites can be measured by 
the establishment of static-force creep mastercurves.  
Nano-fillers proved to have more pronounced effects than micro-fillers when blending with 
PP. The preparation of analogous PP composites with polar elastomers such as EVA with 
nano-filler has the potential to further improve the mechanical properties of PP, lifting curve 
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(a) in Figure 6.1. 
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Appendix 1 Mf-TM scan of PP with different PSil 
content 
 
Figure A. 1 Storage modulus of PP with different PSil content scanned at 0.5 Hz 
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Figure A. 2 Loss modulus of different PP with PSil content scanned at 0.5 Hz 
 
Figure A. 3 Tanδ  of different PP with PSil content scanned at 0.5 Hz 
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Figure A. 4 Storage modulus of PP with different PSil content scanned at 2 Hz 
 
Figure A. 5 Loss modulus of PP with different PSil content scanned at 2 Hz 
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Figure A. 6 Tanδ  of PP with different PSil content scanned at 2 Hz 
 
Figure A. 7 Storage modulus of PP with different PSil content scanned at 5 Hz 
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Figure A. 8 Loss modulus of PP with different PSil content scanned at 5 Hz 
 
Figure A. 9 Tanδ  of PP with different PSil content scanned at 5 Hz 
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Figure A. 10 Storage modulus of PP with different PSil content scanned at 10 Hz 
 
Figure A. 11 Loss modulus of PP with different PSil content scanned at 10 Hz 
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Figure A. 12 Tanδ  of PP with different PSil content measured 10 Hz 
Appendices 
113 
Appendix 2 Mf-TM scans of different scanning 
frequencies 
 
Figure A. 13 Storage modulus of PP measured under different frequencies. 
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Figure A. 14 Loss modulus of pure PP measured under different frequencies. 
 
Figure A. 15 Tanδ  of pure PP measured under different frequencies 
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Figure A. 16 Storage modulus of 1%·vol PSil composites measured under different 
frequencies 
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Figure A. 17 Loss modulus of 1%·vol PSil composites measured under different 
frequencies 
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Figure A. 18 Tanδ  of 1%·vol PSil composites measured under different frequencies 
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Figure A. 19 Storage modulus of 2%·vol PSil composites measured under different 
frequencies 
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Figure A. 20 Loss modulus of 2%·vol PSil composites measured under different 
frequencies 
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Figure A. 21 Tanδ  of 2%·vol PSil composites measured under different frequencies 
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Figure A. 22 Storage modulus of 10%·vol PSil composites measured under different 
frequencies 
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Figure A. 23 Loss modulus of 10%·vol PSil composites measured under different 
frequencies 
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Figure A. 24 Tanδ  of 10%·vol PSil composites measured under different frequencies 
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Figure A. 25 Storage modulus of 20%·vol PSil composites measured under different 
frequencies 
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Figure A. 26 Loss modulus of 20%·vol PSil composites measured under different 
frequencies 
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Figure A. 27 Tanδ  of 20%·vol PSil composites measured under different frequencies 
 
 
